A corollary of this interpretation is that commonly applied intrusive to extrusive ratios will severely underestimate pluton formation rates during periods of low eruptive flux.
INTRODUCTION
The magma dynamics of cordilleran batholiths and their volcanic equivalents are central to the understanding of growth and stabilization of continental crust, crustal thickening in magmatically active plateaus, geothermal budgets, supereruptions and associated hazards, and economic mineral deposits (e.g., Petford et al., 2000; Bach mann et al., 2007; John, 2008; Caricchi et al., 2014; Lipman and Bachmann, 2015) . However, uncertainties about realistic magma fluxes fuel debate on fundamental questions such as whether plutons form rapidly during magmatic flare-ups or more sedately under steady-state magmatism (Ducea, 2001; Glazner et al., 2004; Paterson et al., 2011) . Large-volume silicic eruptions are direct evidence for batholithsized magma accumulations in the shallow (~5-10 km) crust, and they require high recharge rates to keep them eruptible (Annen, 2009; Gelman et al., 2013) . Supereruptions as instantaneous events thus require significant build-up times. Model and empirical constraints indicate ~10 6 yr of preeruptive magma residence for individual supereruptions (Wotzlaw et al., 2013) ; however, magma accumulation times prior to such eruptions collectively only compose 10%-20% of the overall ~10 7 yr duration of flare-up episodes (e.g., de Silva et al., 2015) .
Plutonic volumes in batholiths are commonly correlated with erupted volumes (e.g., Smith, 1979; Crisp, 1984) . While there is merit to this, there is also the tacit assumption that lulls in volcanism imply lulls in magmatism at depth. Alternatively, eruptive quiescence could merely reflect failure of magma to erupt. To distinguish between these competing scenarios, we use zircon chronochemistry from five discrete but chronologically and magmatically linked lava bodies erupted during late Pleistocene waning of the ignimbrite flare-up of the Altiplano Puna Volcanic Complex (APVC) of the Central Andes. Thermochemical modeling reveals growth of a voluminous pluton in the upper crust of the Central Andes during the late Pleistocene with dimensions that are equivalent to those associated with supereruptions (>500 km 3 magma), although only ~40 km 3 was erupted.
GEOLOGIC BACKGROUND
One of the best-preserved volcanic records of a high-volume magmatic event or flare-up available is that of the APVC of the Central Andes, an extensive ignimbrite plateau where >15,000 km 3 of silicic magma erupted as ignimbrites and lavas from several large calderas and other source structures between ca. 10 and 1 Ma (de Silva et al., 2006; Salisbury et al., 2011) . Eruptive activity climaxed in pulses at ca. 8, 6, and 4 Ma; the most recent supereruption, Pastos Grandes, occurred from the eponymous caldera ca. 2.6 Ma (Salisbury et al., 2011) . Evidence for an extensive upper crustal batholith underlying the APVC comes from correspondence of the spatiotemporal pattern of volcanism with a large negative Bouguer gravity anomaly and a seismic low-velocity zone extending from 5 to 30 km beneath the surface (Prezzi et al., 2009; Ward et al., 2014) , the Altiplano Puna magma body (Chmielowski et al., 1999) . Volume estimates for magmatic addition underneath the APVC range over an order of magnitude (~3 × 10 4 to 5 × 10 5 km 3 ; de Silva and Gosnold, 2007; Ward et al., 2014) .
Minor eruptions have continued during the waning stages of the flare-up between 2.6 Ma and present; the most recent phase of APVC volcanism comprises a series of late Pleistocene domes. The five largest of these domes (Chao, Chillahuita, Chanka, Chascon-Runtu Jarita, and Tocopuri; combined erupted lava volume ~40 km 3 ) are distributed over a roughly elliptical area in an ~75-km-long arc segment centered at 22°S, 68°W (Fig. 1) composition, mineralogical and isotopic characteristics, hydrous mafic mineralogy (hornblende and biotite), and occasional andesitic inclusions (de Silva et al., 1994; Watts et al., 1999; Salisbury et al., 2011) . They differ from the ignimbrites only by higher textural maturity (centimeter-sized phenocrysts at ~50% crystallinity; de Silva et al., 1994; Watts et al., 1999) .
ZIRCON GEOCHRONOLOGY AND GEOCHEMISTRY
Zircon surfaces (by U-Th on unsectioned crystals) as well as mantle and interiors of secular equilibrium zircons (by U-Pb after sectioning crystals) were dated for a total of 252 crystals subequally distributed over all 5 domes (Table  DR2 ). An ~50% subset of age-representative crystals were also analyzed for trace element [Ti, Y + REE (rare earth element), Hf] abundances in the same analysis spot used for dating (Table DR2 ; Figs. DR1-DR5). Trace element characteristics of the zircons confirm equilibrium with their highly crystalline host lavas (Fig.  DR2) , which equilibrated at comparatively shallow depths (<10 km) (de Silva et al., 1994; de Silva and Gosnold, 2007) . Although Ti-in-zircon (Ferry and Watson, 2007) correlates with indirectly temperature (T) dependent compositional parameters (e.g., Zr/Hf; Fig. DR3 ), it is difficult to quantify absolute temperatures, and we thus parsimoniously interpret the invariance of Tiin-zircon and Zr/Hf as an indication of the general similarity between samples, and as being permissive for minimal (<10 -4 °C/yr) secular cooling over time scales of >500 k.y. (Fig. DR4) .
The youngest zircon surface age populations (ca. 83, 85, and 89 ka for Chanka, Chillahuita, and Chao; ca. 101 and 104 ka for Tocopuri and Chascon-Runtu Jarita, respectively) are close to the eruption ages, but in all samples a significant, and often dominant, population of zircon surface ages predate the eruption, ranging to secular equilibrium (ca. 350 ka; Fig. 2 ). U-Pb mantle and interior ages form discrete peaks consisting of individual or clusters of few analyses ranging to ca. 1 Ma, and for a single zircon interior from Chascon, to 3.5 Ma (Fig. 2) .
Kolmogorov-Smirnov (KS) (Press et al., 1988) statistical analysis is used to further quantify the similarity in the zircon age populations between the domes. When comparing the zircon crystal surface ages between the domes, acceptable KS probabilities P = 11%-29% are obtained; typically P <5% is the threshold to reject the null hypothesis that the samples are drawn from the same distribution at the 95% level of confidence (Fletcher et al., 2007) . The lone exception is the dome pair (Chanka and Tocopuri; P = 4%), which shows a slightly lower level of similarity, possibly because these domes represent the northernmost and southernmost end members of the late Pleistocene APVC domes. The overall zircon age concordance between domes and their chemical similarities indicates a coherent magmatic and thermal history in an extensive (~2000 km 2 ) crustal segment with the footprint of a large caldera.
THERMOCHEMICAL MODELING
Conductive heat transport models provide first-order constraints on magma volumes and rates of recharge required to maintain the environment conducive for zircon crystallization (Caricchi et al., 2014) . To quantify the recharge rate (i.e., input rate into a seed magma chamber) required to generate the observed zircon age distribution, we have developed the first finitedifference thermal and mass-balance model for open-system magma evolution (recharge-assimilation-fractional crystallization; RAFC), where zircon crystallization is treated in accord with experimentally constrained zircon saturation (Table DR3; Figs. DR6-DR8).
Model Specifics
A two-dimensional thermal diffusion model with temperature-dependent diffusivity-conductivity (Whittington et al., 2009 ) and incorporating the effects of magma RAFC was developed using a finite difference discretization by the alternating-direction implicit method. All calculations were run on a grid of 20 × 60 km (width × depth), and cell sizes of 0.1 × 0.1 km. The model implements an experimentally constrained nonlinear crystallization curve for intermediate magmas (modified from Harrison et al., 2007 ) and a typical temperature-assimilation relationship obtained from Spera and Bohrson (2001) . Sensitivity tests agree well with published conductive cooling models (Gelman et al., 2013; Caricchi et al., 2014) . The recharge magma temperature was 1000 °C, in agreement with thermometry for mafic lavas in the Chascon-Runtu Jarita complex (Watts et al., 1999 ). An initial geothermal gradient of ~50 °C/km was imposed as the background thermal state of the instantaneous ellipsoidal magma intrusion of ~50 km 3 emplaced at 7 km depth, consistent with the thermobarometry of the APVC domes. In contrast to previous models (Caricchi et al., 2014) , zircon generated in each cell was quantified taking into account the thermal and compositional dependence of zircon saturation (Boehnke et al., 2013) . Periodic instantaneous episodes of recharge at the center of the chamber are simulated, followed by radial outward growth of the magma chamber following the mass conservation law. A more protracted build-up extends the duration of zircon crystallization, but does not significantly alter the relative abundances of newly formed versus recycled zircons. Similarly, changing intrusion geometry or timing (in the current model every 5 k.y.) yields qualitatively similar zircon crystallization patterns. Input parameters for the model are summarized in the Data Repository.
Model Recharge Rates and Plutonic Volumes
Modeling results (Fig. 3) predict that zircon produced in an intrusion built up at low recharge rates (<1 × 10 -3 km 3 /yr) will not match the observed age distribution and will instead be dominated by zircon antecrysts (i.e., the percentage of zircons crystallized within >250 k.y. before the eruption would be >98% of the total for a model run duration of 500 k.y.; Fig.  3 ). By contrast, model peak flare-up recharge rates (>1 × 10 -2 km 3 /yr; de Silva and Gosnold, 2007) would result in excessive volumes of zircon-undersaturated magma that upon cooling would produce zircon during a comparatively brief (~100 k.y.) spike, which is also at odds with the observed age distribution. A recharge rate of >1 × 10 -3 km 3 /yr is required to match the steady-state cumulative probability curves for the samples ( Fig. 3; all domes) . At recharge rates >5 × 10 -3 km 3 /yr, the physical state of the intrusive reservoir is also predicted to differ dramatically from that formed at lower rates; at ~1-3 × 10 -3 km 3 /yr, the amount of eruptible magma only marginally increases compared to the initial conditions, whereas it reaches supereruption proportions (500 km 3 of magma) at >5 × 10 -3 km 3 /yr after 500 k.y. (Gelman et al., 2013) . Existing thermal models fall short of tracking pathways of individual magma parcels and their zircon cargo, but we reasonably assume that zircons generated over protracted time periods are well mixed because compositional homogeneity is readily achieved by convection and overturn in silicic magmas (Huber et al., 2009 ). There is potential for missing early crystallization events in our data (e.g., if some older zircons were locked away in the solidified margins of the intrusions; Shane et al., 2012) , but this would only affect our assessment of the longevity of the system, not of the required recharge rate that can protractedly and continuously produce zircon without becoming overwhelmed by antecrysts.
Consequently, combining the initial intrusion with accumulated volumes from subsequent best-fit recharge at >1 but <5 × 10 -3 km 3 / yr, the model results require that at least 600 km 3 of mushy intrusions underpin each of the 5 domes by the time of eruption, and for adjacent domes these subvolcanic plutons likely start to merge. The APVC domes are the only mapped late Pleistocene eruptions in this segment of the APVC, and excellent preservation of volcanic units under arid conditions precludes that contemporaneous eruptions have been missed or eroded. The combined volume of >3000 km 3 for the plutonic underpinnings of the APVC domes dwarfs the total erupted volume of ~40 km 3 . Using the best-fit model recharge rates results in an intrusive to extrusive ratio of >75:1, which greatly exceeds commonly cited estimates of ~10:1 (Smith, 1979; Crisp, 1984) for caldera-related magmatic systems and even the geophysically constrained ratios of 20-35:1 for the duration of the APVC flare-up (Ward et al., 2014) , and may reflect the highly crystalline condition of a magma mush preventing eruption under steady-state conditions.
To estimate the relative contributions of magmatic addition during volcanic peaks versus lulls over the entire ~10 m.y. duration of the APVC flare-up, we calculated the magmatic addition of 1-2 caldera-forming eruptions per arc segment with individual lifetimes of 1 m.y. forming at high recharge rates of 5 × 10 -3 km 3 /yr (Gelman et al., 2013) . For the remaining duration of the flare-up, we conservatively apply the lower bound of recharge rates modeled from zircon age spectra of late Pleistocene APVC domes (1 × 10 -3 km 3 /yr) (intrusive volumes for peak = 1 m.y. × 5 × 10 -3 km 3 /yr; lull = 9 m. This work bridges alternate viewpoints that debate the relative roles of high versus low fluxes in cordilleran batholith formation. Eruptive activity is not a comprehensive proxy for plutonic activity, and zircon longevity for APVC lavas suggests that shallow magma accumulation rates based on inversion of erupted volumes are significantly underestimated, with obvious implications for any propagation of these to deeper magma production rates. The correlation of eruptive vigor with recharge rates confirms the positive feedbacks between magma intrusion, eruptible magma incubation, and thermomechanics of the upper crust. During eruptive lulls, lower recharge rates promote long-term storage over eruption, while high recharge rates promote unsustainable growth of large magma bodies that eventual erupt catastrophically (Gregg et al., 2012; de Silva and Gregg, 2014) , although the relative volume of plutonic remnants may be subequal.
CONCLUSIONS
Zircon data for APVC domes, when interpreted through a thermochemical model, call for the presence of sizable thermally and materially connected plutons that are concealed underneath a ~2000 km 2 area along the western margin of the APVC, well within the bounds of the suspected APVC batholith. This model suggests that during flare-up, when rates of recharge were approximately 5× higher (e.g., Gelman et al., 2013) , individual intrusions would become integrated and homogenized, and significant volumes of eruptible magma would form. However, as the recharge rate waned during the Pleistocene, and by analogy during periods between supervolcanic episodes, incubation of discrete magma inputs became less efficient, limiting the merging of individual eruptible magma volumes and retarding thermal softening of the roof of the intrusive complex (e.g., Gregg et al., 2012) . Thus, although cumulative intrusive volumes of supereruption proportions are predicted beneath the domes, cataclysmic eruption was prevented. These domes thus represent a rare window into pluton assembly during low eruptive flux stages of a magmatic flare-up and reveal the incremental construction of the most recent part of the APVC batholith, which is the product of extensive accumulation of individual intrusions ranging in scale over several orders of magnitude (de Silva and Gosnold, 2007; de Silva et al., 2015) . In consequence, eruptive flux is not necessarily a proxy for intrusive flux at depth, and significant plutonic volumes can develop during the lulls and waning stages of magmatic flare-ups. Although the modeled recharge rates are strictly only applicable to the APVC, there are broader implications in that pluton formation during eruptive lulls has been largely ignored in quantifying arc crustal growth in general.
